Hydrogen has antioxidant and anti-inflammatory effects on lung ischemia-reperfusion injury when it is inhaled by donor or/and recipient. This study examined the effects of lung inflation with 3% hydrogen during the cold ischemia phase on lung graft function in rats. The donor lung was inflated with 3% hydrogen, 40% oxygen, and 57% nitrogen at 5 mL/kg, and the gas was replaced every 20 min during the cold ischemia phase for 2 h. In the control group, the donor lung was inflated with 40% oxygen and 60% nitrogen at 5 mL/kg. The recipient was euthanized 2 h after orthotropic lung transplantation. The hydrogen concentration in the donor lung during the cold ischemia phase was 1.99-3%. The oxygenation indices in the arterial blood and pulmonary vein blood were improved in the hydrogen group. The inflammation response indices, including lung W/D ratio, the myeloperoxidase activity in the grafts, and the levels of IL-8 and TNF-a in serum, were significantly lower in the hydrogen group (5.2 AE 0.8, 0.76 AE 0.32 U/g, 340 AE 84 pg/mL, and 405 AE 115 pg/mL, respectively) than those in the control group (6.5 AE 0.7, 1.1 AE 0.5 U/g, 443 AE 94 pg/mL, and 657 AE 96 pg/mL, respectively (P < 0.05), and the oxidative stress indices, including the superoxide dismutase activity and the level of malonaldehyde in lung grafts were improved after hydrogen application. Furthermore, the lung injury score determined by histopathology, the cell apoptotic index, and the caspase-3 protein expression in lung grafts were decreased after hydrogen treatment, and the static pressure-volume curve of lung graft was improved by hydrogen inflation. In conclusion, lung inflation with 3% hydrogen during the cold ischemia phase alleviated lung graft injury and improved graft function.
Introduction
Primary graft dysfunction induced by ischemia-reperfusion injury (IRI) remains a major factor in the early mortality of lung transplantation. 1, 2 Preventing IRI in the lung graft has been the primary goal in recent years.
Lung preservation solution, such as low-potassium dextran (LPD) solution, is the most commonly used lung protective method during the cold ischemia phase. 3, 4 Different perfusion pressures and perfusion methods for the donor could also improve lung graft function, 5 as could by using anti-platelet/endothelial cell adhesion molecule-1, 6 relaxin, 7 and steroids 8 during IRI. Additionally, hypothermia (4-10 C) is an important method for donor lung perseveration during the ischemia phase, 9, 10 but the donor lung still could not be stored for a longer time. 11 Thus, the preservation methods for donor lungs still need improvement.
The oxidative stress during IRI plays a pivotal role in lung injury. 12 Inhibition or alleviation of oxidative stress during the cold storage phase was beneficial for IRI in lung grafts. 9 Hydrogen, a novel antioxidant agent, has been shown to selectively reduce toxic reactive oxygen species (ROS) and to alleviate organ IRI in the kidneys, heart, brain, liver, small intestines, and lungs. [13] [14] [15] [16] [17] Hydrogen also had protective effects against acute lung injury induced by IRI, 18 ventilator use, 19 hyperoxia, 20 irradiation, 21 or lipopolysaccharide (LPS) 22 through antioxidant, anti-inflammatory, and anti-apoptotic activities. Thus, we hypothesized that hydrogen might have protective effects on lung graft injury if applied during the cold ischemia phase.
Materials and methods
All of the procedures in this study were approved by the Institutional Animal Care and Use Committee of Harbin Medical University.
Study design
Adult male Sprague-Dawley rats (240-300 g) were obtained from Vital River Laboratories (Beijing, China). The animals were housed in individual cages in a temperaturecontrolled room with a 12-h light/dark cycle and free access to food and water.
The animals were divided randomly into the sham group, the control group, and the hydrogen group. The left donor lung was inflated with 40% oxygen and 60% nitrogen or 3% hydrogen, 40% oxygen, and 57% nitrogen at 5 mL/kg (LiMing Gas Corporation, Harbin, China) in the control group and the hydrogen group during the cold ischemia phase. The trachea was sealed with a three-way stopcock, and the gas was replaced every 20 min. In the sham group, the rats were performed a thoracotomy, and were mechanical ventilated for 2.5 h.
Hydrogen concentration measurement
The metabolism of hydrogen in the donor lung was measured in the preliminary experiment (n ¼ 10). The left donor lung was inflated with 3% hydrogen, 40% oxygen, and 57% nitrogen at 5 mL/kg using a 5 mL air-tight syringe through a three-way stopcock connected to the trachea, and was preserved at 4 C for 20 min. Then, the gas was withdrawn from the lung alveoli with a 1 mL air-tight syringe, and the hydrogen concentration was measured using gas chromatography (GC-17A, Shimadzu Corporation, Kyoto, Japan).
Lung transplantation procedures
The donor rats were anesthetized using 60 mg/kg sodium pentobarbital intraperitoneally and were intubated through a tracheostomy. Then, the animals were ventilated with 40% oxygen and 60% nitrogen at a rate of 40-60 breaths/min, which was adjusted to maintain PaCO 2 within 35-45 mmHg using a tidal volume of 10 mL/kg, and a positive end-expiratory pressure (PEEP) of 2 cm H 2 O for 10 min (Harvard Apparatus, South Natick, MA). Five minutes after heparin (1000 U/kg) administered via the tail vein, the donor was euthanised by exsanguinations. Then the rats were performed a thoracotomy, and the donor lungs were perfused with 20 mL of 4 C LPD solution (prepared by Harbin Medical University according to a previous study 23 ) with a pressure of 20 cm H 2 O. Subsequently, the donor lungs were inflated as the protocol and were stored in the LPD solution at 4 C for 2 h. After a left thoracotomy through the fourth intercostal space, the orthotopic left lung transplantation was performed using a cuff technique. 24, 25 The anesthesia, operation, and ventilation settings for the rats from the recipients and the sham group were the same as those for the donor rats, and anesthesia was maintained using sodium pentobarbital with intermittent administration and pipecuronium bromide (0.4 mgÁkg À1 Áh À1 ) intraperitoneally. Normal saline was infused at 10 mLÁkg À1 Áh À1 through the tail veins in the donor and recipient rats. The recipient rats were sacrificed by exsanguination 2 h after lung transplantation. The mean arterial pressure (MAP) and body temperature were continuously recorded (Datex AS/3, Datex, Finland).
Blood gas analysis
The blood was drawn through the left femoral artery, and the arterial blood gas was measured 5 min before transplantation (T0), 3 min after reperfusion, and every 30 min thereafter (T1-T5) (Rapid Lab 348, Bayer, Medfield, MA). At the end of the experiment, the pulmonary vein blood was collected from the left pulmonary veins of the recipients for blood gas analysis. In the sham group, the time point for blood gas analysis was consistent with the control group.
Measurement of inflammatory cytokines and oxidationreduction indicators
The upper lobe of the lung graft, which was desiccated at 80 C for 72 h, was used to measure the wet weight (W)/dry weight (D) ratio. The inferior lobe, which was stored at À80 C, was homogenized to measure the myeloperoxidase (MPO) activity using a special regent-box (Jiancheng Bio-Technology, Nanjing, China) and a spectrophotometer (UNICO UV-2100, Shanghai, China). One unit of MPO was defined as the quantity that degraded 1.0 mole of peroxide per minute at 37 C. The results were expressed as units per gram of lung tissue (U/g). The serum levels of interleukin (IL)-8 and tumor necrosis factor (TNF)-a were measured using an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN). The malonaldehyde (MDA) activity, which was expressed as nanomoles per milligram of protein (nmol/mg protein), and superoxide dismutase (SOD) activity, which was expressed as units per milligram of protein (U/mg protein), in the supernatants of the graft homogenates were determined using corresponding kits (Jiancheng Bio-Technology), respectively.
Histopathologic analysis
The lung tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned (4 mm thick), and stained with hematoxylin and eosin. A pathologist who was blinded to the study evaluated all of the sections. The evaluation was based on (1) neutrophil infiltration, (2) airway epithelial cell damage, (3) interstitial edema, (4) hyaline membrane formation, and (5) hemorrhage. Each section had fives scores that corresponded to the five criteria based on severity (normal ¼ 0, minimal change ¼ 1, mild change ¼ 2, moderate change ¼ 3, and severe change ¼ 4). The lung injury score (LIS) for each criterion was recorded. 26 
Immunohistochemistry for the lung sections
Alveolar epithelial cells apoptosis was examined using terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assays (Zhongshan Golden Bridge Biotechnology, Beijing, China). The sections were stained with the brown 3,3'-diaminobenzidine (DAB) color-developing agent. Cell apoptosis was considered to be present when the cells had brown-yellow-stained nuclei. Positive cells were counted in five random high-power (Â40) fields from every specimen to calculate the apoptotic index (AI), which was the number of positive cells per 100 cells in five different fields in the same section. 27 Caspase-3 protein expression in the alveolar epithelial cell of the lung graft was measured by immunohistochemical staining (Cell Signaling Technology Inc, Boston, MA). Positive cells per section were counted in five random high-power (Â40) fields from every specimen and were evaluated using an immunohistochemical score (IHS), which was calculated by multiplying the quantity score (an estimation of the percentage of immunoreactive cells) and the staining intensity score (an estimation of the staining intensity). The quantity score was illustrated as follows: no staining was scored as 0, 1-10% cell staining as a 1, 11-50% as a 2, 51-80% as a 3, and 81-100% as a 4. The staining intensity was rated on a scale of 0 to 3, with 0 ¼ negative, 1 ¼ weak, 2 ¼ moderate, and 3 ¼ strong. A pathologist examined all of the sections using a singleblind method. 28 Measurement of the static pressure-volume curves of the lungs A mid-thoracotomy was performed immediately after sacrifice, and the animals were connected to an apparatus to measure the static pressure-volume (P-V) curves of the lungs. The lung volumes were measured by raising the airway pressure to 30 cm H 2 O and then decreased to 0 cm H 2 O in a stepwise manner with 1 min of equilibration at each 5 cm H 2 O interval. The volume measurements were corrected for gas compression in the apparatus. 29 
Statistical analysis
The data were expressed as the mean values AE standard deviations or median (interquartile range) according to distribution. Differences in measured variables between groups were determined by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls (SNK) test or Kruskal-Wallis and Nemenyi tests. Repeated measurement data were analyzed by repeated-measures ANOVA. The data were statistically significant when P < 0.05.
Results

Transplantation-related data
The hydrogen concentration in the donor lung was 1.99 AE 0.26% at 20 min after inflation. Rats that had artificial lung damage, pleural hemorrhage, acute heart failure, or transplantation failure were excluded. Eight pairs of rats were included in each group ultimately. The MAP and heart rates were stable in each group, and MAP and heart rates after reperfusion in the control group and hydrogen group were lower than that in the sham group (P < 0.05) ( Table 1) .
Hydrogen improved the oxygenation in recipients
The indices of blood gas analysis, including oxygenation index (partial pressure of arterial oxygen [PaO 2 ]/fraction of inspired oxygen [FiO 2 ]), base excess (BE) value, and pH value, were stable in the sham group. The PaO 2 /FiO 2 in the control group was lower than the sham group (P < 0.05), and the PaO 2 /FiO 2 in the hydrogen group was higher than the control group (P < 0.05). Additionally, the pH and BE values between the groups had similar tendency ( Table 2 ). The pulmonary venous oxygen tension (PvO 2 )/ FiO 2 in the control group (372 AE 36 mm Hg) was lower than the sham group (490 AE 29 mm Hg), and the PvO 2 /FiO 2 in the hydrogen group (425 AE 40 mm Hg) was higher than the control group (P < 0.05).
Hydrogen ameliorated the inflammatory response in recipients
The W/D ratio in the control group (6.5 AE 0.7) was higher than the sham group (4.8 AE 0.6) (P < 0.05), and the hydrogen group (5.2 AE 0.8) was lower than the control group, but the difference had no statistical significance. The MPO activity in the grafts had the similar tendency as W/D ratio. The levels of IL-8 in the serum in the control group (443 AE 94 pg/mL) and the hydrogen group (340 AE 84 pg/ mL) were significantly higher than the sham group (34 AE 12 pg/mL) (P < 0.05), and the hydrogen group was lower than the control group (P < 0.05). The level of TNFa in the serum had similar tendency as IL-8 (Table 3) .
Hydrogen alleviated the oxidative stress in lung grafts
The SOD activity in the control group (33 AE 9 U/mg protein) was significantly lower than the sham group (71 AE 15 U/mg protein) (P < 0.05), and the hydrogen group (51 AE 10 U/mg protein) was significantly higher than the control group (P < 0.05). The MDA level in the control group (7.7 AE 2.3 nmol/mg protein) was significantly higher than the sham group (3.1 AE 0.8 nmol/mg protein) (P < 0.05), and the hydrogen group (4.2 AE 1.2 nmol/mg protein) was significantly lower than the control group (P < 0.05) ( Table 3) .
Hydrogen improved lung graft histology
Microscopic findings in the lungs revealed normal lung parenchyma in the sham group (Figure 1a ). Lung grafts from the control group (Figure 1b) showed extensive alterations, i.e. moderate to severe edema in the alveolar septum and spaces, hyaline membrane formation, and intraalveolar hemorrhage occasionally. Much less severe changes were present in grafts from the hydrogen group (Figure 1c) . Similarly, the LIS of neutrophil infiltration in the control group (3.0 [1.75-3.25]) was higher than the sham group (0.5 [0-1]) (P < 0.05), the hydrogen group (1.5 [0.75-2.0]) was lower than the control group, but the difference was not statistically significant. Simultaneously, the LIS of other criteria had similar tendency as the LIS of neutrophil infiltration (Figure 1d ).
Hydrogen decreased cell apoptosis in grafts
The number of apoptotic cells in the hydrogen group (Figure 2c ) was lower than that in the control group (Figure 2b) . The AI in the control group (52 AE 11) and hydrogen group (34 AE 9) was higher than the sham group (11 AE 3) (P < 0.05), and the hydrogen group was significantly lower than the control group (P < 0.05) (Figure 2) . Similarly, the number of caspase-3 positive cells in the hydrogen group (Figure 3c ) was lower than that in the control group ( Figure  3b ). The IHS of caspase-3 in the control group (6.2 AE 2.0) and hydrogen group (4.0 AE 1.8) was higher than the sham group (1.3 AE 0.4), and the IHS of caspase-3 in the hydrogen group was lower than the control group (Figure 3d ).
Hydrogen improved the compliance of lung graft
The values of static P-V curve in the control group were significantly lower than the sham group (P < 0.05), and the hydrogen group were higher than the control group, but the difference had no statistical significance (P ¼ 0.071). At a pressure of 30 cm H 2 O, the volumes in the sham group, control group, and the hydrogen group were 21.7 AE 3.6 mL/kg, 14.2 AE 3.3 mL/kg, and 17.9 AE 3.2 mL/kg, respectively ( Figure 4 ).
Discussion
Cold ischemia induces oxidative stress and inflammation, resulting in sodium pump inactivation, intracellular calcium overload, iron release, and cell death, ultimately leading to graft dysfunction. 9 In this study, hydrogen inflation during the cold ischemia phase ameliorated the inflammatory response, oxidative stress, and alveolar epithelial cell apoptosis in the graft, improved lung graft histology, and lung graft function evaluated by blood gas analysis and static P-V curves. Currently, the application of hydrogen has focused on inhalation, intraperitoneal injection, or drinking of hydrogen-rich saline. 14, 19, 30 A saturated hydrogen LPD solution might be suitable for donor lung during the ischemia, but the process of the saturated hydrogen LPD solution preparation required special equipment. In addition, hydrogenrich solution contains a very low dose of hydrogen (<0.6 mmol/L). 13 The effective concentration of Table 2 The indexes of arterial blood gas analysis in each group (mean AE SD, n ¼ 8 hydrogen was considered to be 2-4%. 13, 31 In this study, the hydrogen concentration was 1.99-3%, which was maintained at an effective level. Hydrogen has no risk of explosion at a concentration of less than 4% in the presence of oxygen, and hydrogen has no side effects in this concentration range in animals. 13 Furthermore, hydrogen is able to penetrate cell membranes rapidly and reach target organs, and the excess hydrogen can be exhaled through respiration or dissipated by methanogenesis, sulfate reduction, and acetogenesis. 32 Therefore, an overdose is impossible. These characteristics make hydrogen suitable for lung inflation. This study obtained an initial data about the hydrogen metabolism in the donor lung, and provided an innovative strategy for donor lung protection in the setting of the cold ischemic, that is, lung inflation with gases which had protective effect on lung injury when inhaled or used in other ways. Currently, hydrogen has already been used in some clinical treatment, such as metabolic syndrome, muscular diseases, and acute brain stem infarction, [33] [34] [35] and non complication was found. Thus, the method used in this study might be applied in clinical practice directly.
Lung ischemia activates the release of proinflammatory cytokines, such as IL-8 and TNF-a, which activate neutrophils during perfusion. 36 Neutrophils and ROS damage endothelial cells, leading to alterations in their permeability and to lung edema. MPO activity in the lungs is one of the most commonly used indices to measure the extent of neutrophil infiltration. 37 In this study, hydrogen decreased the serum levels of IL-8 and TNF-a in the recipients and reduced the MPO levels in the lung grafts. These results were consistent with previous studies. Kawamura et al. 18 found that hydrogen inhibited the up-regulation of TNF-a and IL-1b mRNAs in lung grafts. Sun et al. 20 demonstrated that hydrogen decreased TNF-a in serum in a hyperoxic lung injury model. Other studies have also demonstrated that hydrogen mitigated the up-regulation of the inflammatory mediators (IL-6, TNF-a, and MPO) induced by IRI. 30, 38 Meanwhile, hydrogen ameliorated pulmonary edema and decreased the severity of lung injury in the grafts, as supported by W/D ratio and histologic analysis. Therefore, hydrogen might exert local protective effects against IRI in lung grafts through an anti-inflammatory mechanism. Oxidative stress plays a pivotal role in IRI, which disrupts cellular metabolism and induces lipid peroxidation, protein denaturation, and DNA mutation, eventually leading to organ dysfunction. 31 Hydrogen, as a selective anti-oxidant molecule, offers protective effects through free radical scavenging. In this study, the MDA level was reduced, and the SOD activity in the graft was activated by hydrogen. The results were similar to previous study, which found that the hydrogen-rich saline reduced the MDA level and increased SOD activity in lungs from a rabbit lung IRI model. 38 In our previous study, the hydrogen inhalation in donors and recipients also alleviated the oxidative stress in lung grafts from a brain death donor. 39 Therefore, we inferred that hydrogen had antioxidant effect when applied during the cold ischemia and reperfusion phase.
Apoptosis, another major feature of the IRI process, was activated by the caspase cascade and might have a deleterious impact on graft function. 40 Fischer et al. 41 demonstrated that apoptosis was a major contributor of graft injury. In this study, the AI and the caspase-3 protein expression in the alveolar epithelial cells of graft were inhibited by hydrogen. Another studies also found the similar effects. Shi et al. 15 reported that hydrogen alleviated lung epithelial cell apoptosis. Xie et al. 22 found that hydrogen decreases caspase-3 activity during LPS-induced lung injury. Therefore, the protective effects of hydrogen in the lung grafts might be due to its anti-apoptotic effects.
Currently, the molecule mechanism of hydrogen in protection for lung injury is still unclear. Hydrogen exerted protective effect in the ventilator-induced lung injury or LPS-induced acute lung injury through the up-regulation of hemeoxygenase-1 or down regulation of the nuclear factor kappa-B/B cell lymphoma 2 (NF-kB/Bcl-2) pathways. 18, 19, 22 Kawamura et al. 42 found that hydrogen reduced hyperoxic lung injury via the Nrf2 pathway in vivo. Additionally, Tanaka et al. 43 suggested that the protective effect of hydrogen was associated with the upregulation of pulmonary surfactant-related molecules, ATP synthases, and stress-response molecules in lung allograft. Although the signal transduction pathway has not been detected in this study, hydrogen exerted anti-inflammatory, anti-oxidative, and anti-apoptotic effects on graft when applied during the cold ischemia phase.
This study had some limitations. First, the time for lung inflation and the observed time after reperfusion was only 2 h, respectively. The long-term effects of hydrogen on lung IRI require further study. Second, we measured lung function and histopathologic changes to evaluate the effect of hydrogen, but not tissue and cell metabolism changes.
Measuring the glucose levels in the perfusate of the donor lung before or the graft lung after transplantation might be more meaningful. 44, 45 As the contralateral lung was not clamped, the results of arterial blood gas analysis might not reflect the transplant lung function if the graft had none or low flow. Third, some indices between groups had no statistic difference, including the results of the blood gas analysis and the LIS. There may be two reasons, one was the sample size was small, and the other was the model used in this study was a mild lung graft injury model. Fourth, the controlled reperfusion method 46 and steroids 8 application after reperfusion might ameliorate the graft function. And the effects of hydrogen on lung graft function from different donors, such as brain death donor, should be further explored. And last, the specific mechanism by which hydrogen confers lung protection was not clarified. Further experiments, such as in vitro cell culture, are required.
In conclusion, donor lung inflation with 3% hydrogen during the cold ischemia phase had protective effects on lung graft injury through anti-inflammatory, anti-oxidative, and anti-apoptotic effects. 
